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Introduction {#sec1-1}
============

Alzheimer's disease (AD) is a progressive neurodegenerative disease with no obvious symptoms (Zhao et al., 2016; Koehler and Willams, 2018; Song et al., 2018). During AD onset, neurofibrillary tangles and amyloid β-peptide plaques in brain tissue can cause cortical dysfunction and damage (Nestor et al., 2004; Lin et al., 2018; Zhang et al., 2019). AD is characterized by memory loss, nerve atrophy, cell death, and diminished cognitive and language skills. AD reduces the ability to understand daily life, which causes certain behavioral disorders (Delbeuck et al., 2003; Karas et al., 2003). According to recent data, there were about 5.7 million patients with AD in the United States (US) in 2018, and this population is expected to reach 13.8 million in 2050 (Alzheimer's Association, 2018). \~1 million patients with dementia live in China, and the condition is conservatively estimated to cost approximately 60 billion US dollars each year (Chan et al., 2013; Xu et al., 2017). Moreover, AD prevalence is increasing worldwide, and, according to epidemiological data, over 135 million people may have AD in 2050 (Danborg et al., 2014). The disease progresses from onset to early mild cognitive impairment (EMCI), late mild cognitive impairment (LMCI), and, finally, AD, with the age of AD onset generally occurring around 65 years old.

AD pathogenesis can be studied using magnetic resonance imaging (MRI) to assess structural changes, functional MRI (fMRI) to measure functional activation patterns, and positron emission tomography to examine functional and metabolic changes with radiotracers. The most effective method is multi-modal neuroimaging; however, this is very expensive. In recent years, non-invasive and non-irradiating fMRI has been widely used as a leading technology in studies of mild cognitive impairment and AD. The fMRI method is a reliable tool for investigating functional connectivity, temporal and spatial correlations between different brain regions, and connectivity-based brain dysfunction (Ogawa et al., 1990). Low-frequency resting-state fMRI signal fluctuation is a major research area (Fox and Greicius, 2010) in which correlations between low-frequency fluctuations define brain functional connectivity (Biswal et al., 1995; Damoiseaux and Greicius, 2009). Furthermore, task-based fMRI is a relatively advanced technology that can be used to evaluate memory encoding (Machulda et al., 2003; Yetkin et al., 2006), vision (Rombouts et al., 2000), language (Kljajević, 2015), and auditory coding (Golden et al., 2015, 2016). Such studies provide evidence for specific functional connectivity patterns of task-associated brain regions and allow for the observation of disturbances or dysfunction within task-related areas subject to disease (Fleisher et al., 2009; Smitha et al., 2017). Compared with resting-state fMRI, task-based fMRI is very complicated and requires extensive subject coordination during data collection. In contrast, resting-state fMRI does not involve task performance. In addition, resting-state fMRI is very useful for identifying subtle differences in functional connectivity between diseases, which permits early disease detection and treatment development (Fox and Greicius, 2010).

AD research has gradually increased in recent years because of technological advancements, which have allowed researchers to identify diagnostic AD signs. Many AD researchers have reported gray matter atrophy in brain regions, including the temporal lobe and hippocampus (Frisoni et al., 2002; Karas et al., 2004). Other AD studies have found white matter volume reduction due to the loss of myelin and axons (Hua et al., 2008; Bartzokis, 2011; Braskie et al., 2012). In addition to its association with white and gray matter atrophy, AD may also be associated with regional brain connectivity. Functional connectivity anomalies can be detected before structural changes (Grady et al., 2001; Bozzali et al., 2002; Greicius et al., 2004; Jiang et al., 2004; Naggara et al., 2006; Stam et al., 2006; Wang et Al., 2007; Bai et al., 2009; Kiuchi et al., 2009; Qi et al., 2010). In addition, some AD studies have reported blood oxygenation level changes in the sensorimotor cortex at rest (De Luca et al., 2005; Rosazza and Minati, 2011; Vahdat et al., 2011). Similar studies have also examined visual and auditory fMRI signal changes in AD (Cordes et al., 2000; Lowe et al., 2000; Schmidt et al., 2013; Golden et al., 2016). Liu et al. (2016) found that the intensity of hippocampal functional connectivity damage was associated with disease severity as subjects transitioned from EMCI to late-stage AD. Another study showed that poor episodic memory is associated with the anteroposterior dynamics of brain connections (Quevenco et al., 2017). Bero et al. (2012) demonstrated a bidirectional relationship between amyloid aggregation and reduced brain functional connectivity. Moreover, increases in functional connectivity were also found in other brain regions (Allen et al., 2007; Zhou et al., 2013).

At present, functional connectivity analysis, which statistically reflects the synchronicity of functional activities between non-adjacent brain regions (Arbabshirani et al., 2013), is the most commonly used resting-state fMRI analytical method. Recently, it has been shown that blood oxygen level-dependent (BOLD) signals can be detected in white matter, and it is suspected that the signals in white matter have the same properties as those in gray matter caused by neural activity (Ding et al., 2016). Ding et al. (2018) showed that white matter BOLD signals correlated with corresponding neural activity in the resting state, and that signal intensity was enhanced by functional stimulation. In addition, these authors analyzed specific connectivity patterns between white and gray matter during resting-state brain activity.

Considering the aforementioned studies, we propose that, in the resting state, patients with AD have specific connectivity patterns between certain white and gray matter regions, which can be used to predict AD based on connectivity pattern changes. In this study, a white and gray matter correlation map was obtained by processing resting-state BOLD signal data from patients with AD to assess regional changes in the white and gray matter. Furthermore, we performed a simple analysis of the white matter BOLD signal.

Materials and Methods {#sec1-2}
=====================

Data acquisition {#sec2-1}
----------------

All data were obtained from the Alzheimer's Disease Neuroimaging Initiative Library of the Image and Data Archive (<https://ida.loni.usc.edu/pages/access/search.jsp?>). In this library, imaging data from patients with mental retardation were collected and classified. Moreover, cognitive impairment data were collected from patients and classified as normal cognition, EMCI, LMCI, or AD. Database queries for specific data classification criteria were entered according to the following link: <http://adni.loni.usc.edu/data-samples/data-types/>. We downloaded normal cognition (*n* = 33 patients), EMCI (*n* = 21), LMCI (*n* = 21), and AD (*n* = 39) data acquired using a 3-T Philips Achieva scanner. The repetition time was 3 seconds; the matrix size was 256 × 256; and the thickness of the slice was 3 mm. For anatomical reference, high resolution T1-weighted and BOLD signal images were acquired using a 3D multi-gradient echo sequence with a voxel size of 1 mm^3^.

Data processing {#sec2-2}
---------------

BOLD images were preprocessed using the statistical parametric mapping software package SPM12 ([www.fil.ion.ucl.ac.uk/spm/software](www.fil.ion.ucl.ac.uk/spm/software)). First, the images were corrected for slice timing and head motion, and subjects with large head motion (\> 2 mm in translation or \> 2° in rotation) were excluded. The corrected images were spatially smoothed with a 4 × 4 × 4-mm^3^ full-width, half-maximum Gaussian kernel in each direction. Second, T1-weighted images were segmented into gray and white matter, and these images were registered to the mean motion-corrected BOLD image. Third, the smoothed BOLD and coregistered T1-weighted images as well as the gray and white matter segments were normalized to Montreal Neurological Institute space. Subsequent processing steps included BOLD image linear trend removal to correct for signal drifting and temporal low-pass filtering to retain frequencies below 0.1 Hz. Finally, in the preprocessed BOLD images, time points were normalized into unit variance voxelwise time series.

Region of interest definition {#sec2-3}
-----------------------------

Study analysis was limited to gray and white matter regions. The gray matter area mask was constructed according to Brodmann's atlas using the PickAtlas tool (Maldjian et al., 2003) and was used to divide the whole brain gray matter mask of each data set into 84 regions (42 per hemisphere). Simultaneously, a white matter tract mask was created using the JHU ICBM-DTI-81 WM Atlas (Mori et al., 2008). In each data set, these tract masks were applied to produce 48 tract regions (21 tracts and 3 combined tracts in each hemisphere). To accurately define a region of interest, the region of interest mask was selected from the stereotactic map of the fiber tract (Bürgel et al., 2006). The region of interest mask was manually edited to match the position and extent to those shown in Marussich et al. (2016). An adjusted region of interest mask replaced the original hypothalamic radiation mask (tract 12) from the JHU atlas. In addition, to avoid signal damage from nearby gray matter regions, all tract masks were limited to the whole brain white matter mask of each subject, with a threshold of 0.95. Finally, the BOLD signal was averaged over each gray matter region and white matter tract to produce an average time series, which was then used to derive pairwise time correlations between gray and white matter structures.

Data analysis {#sec2-4}
-------------

After preprocessing and region of interest placement, connectivity analysis of the BOLD signal was performed in SPM12. Functional connectivity refers to the temporal correlation of spontaneous BOLD activity in different brain regions. Thus, only a time correlation analysis of the BOLD signal is required. We analyzed the association between changes in white and gray matter functional connectivity and the degree of cognitive impairment.

First, processed BOLD signal data were averaged over the defined area to obtain an average time series. Second, an average time correlation matrix was generated. Then, a time-averaged correlation coefficient map (threshold correlation coefficients \|correlation coefficient\| \> 0.4) was plotted using the average correlation matrix. Third, under the \|correlation coefficient\| \> 0.4 condition, a paired *t*-test was performed. A significant *P* value \< 0.05 was obtained, indicating a significant correlation between functional connectivity changes and the degree of cognitive impairment. Finally, the temporal correlation between white and gray matter was established using average correlation coefficient map characteristics. From this information, we obtained a variation characteristic of the functional connectivity between the white and gray matter using the functional connectivity module integrating the DPARSF toolkit and SPM12. This analysis was performed by observing changes in correlation.

Results {#sec1-3}
=======

Correlation between white and gray matter in patients with AD {#sec2-5}
-------------------------------------------------------------

In **[Figure 1](#F1){ref-type="fig"}**, the abscissa displays 84 gray matter areas, whereas the ordinate displays 48 white matter regions. In this figure, colored horizontal stripes represent regions that are correlated in the resting state (**Figure [1A](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}**). Each individual block represents the average correlation coefficient. As shown in **[Figure 1](#F1){ref-type="fig"}**, the white and gray matter areas have correlated neural activity. Specifically, yellow-to-red blocks indicate a correlation between gray and white matter regions, with light yellow indicating a weak correlation (0.3 \< 0.5), dark yellow indicating a strong correlation (0.5--0.6), and red indicating the most relevant regional correlation (\> 0.6). In the normal cognition group (**[Figure 1A](#F1){ref-type="fig"}**), the white matter regions that were associated with gray matter were the medial lemniscus (ML), inferior cerebellar peduncle (ICBLP), superior cerebellar peduncle (SCBLP), cerebral peduncle (CBRP), anterior corona radiata (ACR), superior corona radiata (SCR), posterior corona radiata (PCR), retrolenticular part of the internal capsule (RLIC), sagittal stratum (SS), external capsule (EC), cingulum (cingulate gyrus; CGG), superior longitudinal fasciculus (SLF), genu of the corpus callosum (GCC), body of the corpus callosum (BCC), and splenium of the corpus callosum (SCC). The areas with strong correlations were the ACR, SCR, PCR, EC, CGG, and SLF. Initially, we found that most of the correlations of the four map areas gradually weakened; however, some of them strengthened. **[Figure 1B](#F1){ref-type="fig"}** shows the correlation between gray and white matter region BOLD signals in patients with EMCI. Compared with the normal cognition group, the EMCI group (**[Figure 1B](#F1){ref-type="fig"}**) exhibited a small reduction in the yellow blocks, which indicated weakened or absent correlations between these regions. The correlations between the ML, ICBLP, SCBLP, CBRP, ALIC, PLIC, and RLIC (white matter) and primary somatosensory cortex, primary motor cortex, and somatosensory association cortex (gray matter) disappeared. There was minimal significant variation in the number of yellow blocks between the EMCI and LMCI (**[Figure 1C](#F1){ref-type="fig"}**) groups. However, the number of lighter yellow blocks was higher in the LMCI group (**[Figure 1B](#F1){ref-type="fig"}**), which suggests that these regional correlations decreased with increasing cognitive impairment and that regional functional connectivity changed. Comparison of the LMCI (**[Figure 1C](#F1){ref-type="fig"}**) and AD (**[Figure 1D](#F1){ref-type="fig"}**) groups showed correlations of the ML, ICBLP, SCBLP, CBRP. In the AD group, yellow blocks corresponding to gray matter areas disappeared, indicating that these areas were no longer relevant.

![Time-dependent images of the blood oxygen level-dependent signal in gray and white matter regions at rest.\
The colored blocks indicate the correlation between white and corresponding gray matter regions. The shade of the color indicates the strength of the correlation, with darker colors having stronger correlations. The colormap (right) indicates colors corresponding to the magnitude and direction (positive or negative) of the correlation. Threshold is at the mean \|correlation coefficient\| \> 0.4. (A--D) Normal cognition group (A), early mild cognitive impairment group (B), late mild cognitive impairment group (C), and Alzheimer's disease group (D).](NRR-15-285-g002){#F1}

Concurrently, some areas showed strong correlations with AD progression. The correlations between the CGG, SLF, BCC, and SCC (white matter) and ventral posterior cingulate cortex and retrosubicular area (gray matter) were the strongest in patients with AD. These regional correlations gradually increased as the degree of cognitive impairment increased. In AD, the signal intensity of these four regions was enhanced, indicating that the function of these regions was affected, which led to changes in correlation.

Significant change in the correlation between white and gray matter {#sec2-6}
-------------------------------------------------------------------

With our correlation map, we found a relationship between white matter tracts and gray matter areas. To further examine these relationships, five gray matter regions were selected, including the primary somatosensory cortex 1 (PSC1), primary somatosensory cortex 2 (PSC2), primary somatosensory cortex 3 (PSC3), primary motor cortex (PMC), and somatosensory association cortex (SAC). The correlation coefficients of nine white matter regions (*i.e*., ML, ICBLP, SCBLP, CBRP, RLIC, CGG, SLF, BCC, and SCC) were determined. The coefficients for the different AD stages are listed in **Tables [1](#T1){ref-type="table"}--[5](#T5){ref-type="table"}**.

###### 

Correlation coefficient between white matter region and these five gray matter regions under normal cognition

          PSC1   PSC2     PSC3     PMC    SAC
  ------- ------ -------- -------- ------ --------
  ML      0.33   0.33     0.34     0.38   0.35
  ICBLP   0.33   0.4      0.37     0.37   0.41
  SCBLP   0.35   0.36     0.35     0.41   0.38
  CBRP    0.35   0.38     0.39     0.42   0.4
  RLIC    0.35   0.43     0.44     0.44   0.46
  CGG     0.38   0.45     0.48     0.49   0.48
  SLF     0.34   0.4      0.42     0.42   0.41
  BCC     0.05   --0.02   --0.02   0.03   --0.01
  SCC     0.39   0.44     0.44     0.44   0.47

The table shows the average correlation coefficient under normal cognition. As reference control data. BCC: Body of corpus callosum; CBRP: cerebral peduncle; CGG: cingulum; ICBLP: inferior cerebellar peduncle; ML: medial lemniscus; PSC1: primary somatosensory cortex 1; PSC2: primary somatosensory cortex 2; PSC3: primary somatosensory cortex 3; PMC: primary motor cortex; RLIC: retrolenticular part of internal capsule; SAC: somatosensory association cortex; SCBLP: superior cerebellar peduncle; SCC: splenium of corpus callosum; SLF: superior longitudinal fasciculus.

###### 

Correlation parameters of white matter and gray matter regions in cognitive impairment

          PSC1     PSC2     PSC3     PMC      SAC
  ------- -------- -------- -------- -------- --------
  ML      0.20\*   0.21\*   0.24\*   0.26\*   0.24\*
  ICBLP   0.22\*   0.27\*   0.26\*   0.27\*   0.27\*
  SCBLP   0.24\*   0.30\*   0.29\*   0.31\*   0.31\*
  CBRP    0.26\*   0.33\*   0.32\*   0.31\*   0.33\*
  RLIC    0.27\*   0.36\*   0.35\*   0.33\*   0.39\*

The sign following the data in Table 2 indicates the relationship with the change of the corresponding data in [Table 1](#T1){ref-type="table"}. \* represents a decrease. CBRP: Cerebral peduncle; ICBLP: inferior cerebellar peduncle; ML: medial lemniscus; PMC; primary motor cortex; PSC1: primary somatosensory cortex 1; PSC2; primary somatosensory cortex 2; PSC3; primary somatosensory cortex 3; RLIC: retrolenticular part of internal capsule; SAC: somatosensory association cortex; SCBLP: superior cerebellar peduncle.

###### 

Correlation coefficient of these regions corresponding to Alzheimer's disease

          PSC1       PSC2       PSC3       PMC        SAC
  ------- ---------- ---------- ---------- ---------- ----------
  ML      0.07\*     0.08\*     0.07\*     0.06\*     0.02\*
  ICBLP   0.16\*     0.16\*     0.17\*     0.18\*     0.15\*
  SCBLP   0.10\*     0.15\*     0.12\*     0.12\*     0.11\*
  CBRP    0.15\*     0.17\*     0.20\*     0.19\*     0.14\*
  RLIC    0.37^\#^   0.44^\#^   0.45^\#^   0.46^\#^   0.41^\#^

The sign following the data in [Table 3](#T3){ref-type="table"} indicates the relationship with the change of the corresponding data in [Table 2](#T2){ref-type="table"}. \# indicates an increase with respect to the data in [Table 2](#T2){ref-type="table"}, \* represents a decrease. CBRP: Cerebral peduncle; ICBLP: inferior cerebellar peduncle; ML: medial lemniscus; PMC; primary motor cortex; PSC1: primary somatosensory cortex 1; PSC2; primary somatosensory cortex 2; PSC3; primary somatosensory cortex 3; RLIC: retrolenticular part of internal capsule; SAC: somatosensory association cortex; SCBLP: superior cerebellar peduncle.

###### 

Correlation coefficient between the following four white matter regions and gray matter in cognitive impairment

        PSC1       PSC2       PSC3       PMC        SAC
  ----- ---------- ---------- ---------- ---------- ----------
  CGG   0.31\*     0.43\*     0.45\*     0.42\*     0.45\*
  SLF   0.27\*     0.40^†^    0.42^†^    0.38\*     0.39\*
  BCC   0.09^\#^   0.12^\#^   0.07^\#^   0.10^\#^   0.08^\#^
  SCC   0.32\*     0.41\*     0.39\*     0.38\*     0.41\*

The sign following the data in [Table 4](#T4){ref-type="table"} indicates the relationship with the change of the corresponding data in [Table 1](#T2){ref-type="table"}. \# indicates an increase with respect to the data in [Table 1](#T1){ref-type="table"}, \* represents a decrease, and † indicates no change. BCC: Body of corpus callosum; CGG: cingulum; PSC1: primary somatosensory cortex 1; PSC2: primary somatosensory cortex 2; PSC3; primary somatosensory cortex 3; PMC: primary motor cortex; SAC; somatosensory association cortex; SCC: splenium of corpus callosum; SLF: superior longitudinal fasciculus.

###### 

Correlation coefficient between four white matter regions and gray matter regions in Alzheimer's disease

        PSC1       PSC2       PSC3       PMC        SAC
  ----- ---------- ---------- ---------- ---------- ----------
  CGG   0.48^\#^   0.49^\#^   0.55^\#^   0.55^\#^   0.49^\#^
  SLF   0.55^\#^   0.69^\#^   0.73^\#^   0.68^\#^   0.57^\#^
  BCC   0.55^\#^   0.57^\#^   0.63^\#^   0.65^\#^   0.55^\#^
  SCC   0.51^\#^   0.60^\#^   0.62^\#^   0.64^\#^   0.56^\#^

The sign following the data in [Table 5](#T5){ref-type="table"} indicates the relationship with the change of the corresponding data in [Table 4](#T4){ref-type="table"}. \# indicates an increase with respect to the data. BCC: Body of corpus callosum; CGG: cingulum; PSC1: primary somatosensory cortex 1; PSC2: primary somatosensory cortex 2; PSC3; primary somatosensory cortex 3; PMC: primary motor cortex; SAC; somatosensory association cortex; SCC: splenium of corpus callosum; SLF: superior longitudinal fasciculus.

**[Table 1](#T1){ref-type="table"}** shows the correlation coefficients between the nine white and five gray matter regions in the normal cognitive state, which is the control condition. **Tables [2](#T2){ref-type="table"}** and **[3](#T3){ref-type="table"}** contain the correlation coefficients of the ML, ICBLP, SCBLP, CBRP, and RLIC, which correspond to the five gray matter regions in patients with cognitive impairment and AD. After examining the individual data, we found that the data in **Tables [1](#T1){ref-type="table"}**, **[2](#T2){ref-type="table"}**, and **[3](#T3){ref-type="table"}** sequentially decreased, whereas the data in **Tables [1](#T1){ref-type="table"}**, **[4](#T4){ref-type="table"}**, and **[5](#T5){ref-type="table"}** generally increased. When the range of changes from the overall data was examined, we found that the correlation coefficients between eight white matter regions (ML, ICBLP, SCBLP, CBRP, RLIC, CGG, SLF, and SCC) and five gray matter regions were between 0.3--0.5 under normal conditions and that the correlation coefficients of the BCC were between --0.1--0.1. The coefficients in **[Table 2](#T2){ref-type="table"}** range from 0.2--0.4, and the coefficients in **[Table 3](#T3){ref-type="table"}** range from 0--0.2.

**Tables [4](#T4){ref-type="table"}** and **[5](#T5){ref-type="table"}** show the correlation coefficients of the latter four white matter regions (CGG, SLF, BCC, and SCC) corresponding to the five gray matter regions (PSC1, PSC2, PSC3, PMC, and SAC) in the LMCI and AD patients. In **[Table 4](#T4){ref-type="table"}**, the coefficients of the CGG, SLF, and SCC are between 0.25--0.45, and those of the BCC are between 0.05--0.1. In **[Table 5](#T5){ref-type="table"}**, the coefficients are between 0.5--0.75. We found that the range of the ML, ICBLP, SCBLP, CBRP, and RLIC correlation coefficients gradually decreased as the degree of cognitive impairment increased. In patients with AD, the range decreased to 0--0.2. The correlation coefficient of the five gray matter regions with the CGG, SLF, BCC, and SCC increased. In patients with AD, the correlation coefficient range increased to 0.5--0.75, but the change was not significant. In this group, the BCC changed greatly. These findings are consistent with those from the correlation map analysis, which further indicates that there may be a white and gray matter connectivity pattern associated with AD progression and cognitive impairment.

Changes in white matter {#sec2-7}
-----------------------

We performed a separate study of the white matter using the original data. We used a single time-averaged BOLD signal from the white matter and generated a histogram of the time-averaged white matter BOLD signal during the four phases of AD progression (**[Figure 2](#F2){ref-type="fig"}**).

![Histogram of white matter correlation coefficients of patients with NC, EMCI, LMCI, and AD.\
The ordinate represents the average correlation coefficient. AD: Alzheimer\'s disease; EMCI: early mild cognitive impairment; L: left; LMCI: late mild cognitive impairment; NC: normal cognition; R: right.](NRR-15-285-g003){#F2}

In **[Figure 2](#F2){ref-type="fig"}**, dark blue indicates the normal cognition group, red represents the EMCI group, green represents the LMCI group, and yellow represents the AD group. As the patients progressed to AD, the time-averaged BOLD signal showed a general weakening trend in the ML, ICBLP, SCBLP, CBRP, ALIC, PLIC, and RLIC. These regions show obvious regularity, which is consistent with the results for weakened regions shown in **[Figure 1](#F1){ref-type="fig"}**. Specifically, changes in cognitive impairment may be associated with functional changes in these white matter regions.

Discussion {#sec1-4}
==========

In patients with AD, we found that the correlation between white matter regions and some gray matter areas were significantly enhanced or weakened with worsening cognitive impairment. At rest, patients with AD showed a specific connectivity pattern in areas where white and gray matter correlations were enhanced or weakened. The connectivity of these regions changed during AD progression. This study provides support for the prediction of AD through connectivity change detection. Functional connectivity changes occur before structural changes, which allows for earlier AD prediction and solid treatment plan development. In addition, BOLD signals in the ML, ICBLP, SCBLP, CBRP, ALIC, PLIC, and RLIC showed the same results as those of the correlation change relationship. This suggests that the function of these white matter regions may be affected during AD progression, which lays a foundation for future white matter studies in patients with AD.

Future research should examine white matter to better predict AD. This study has certain limitations. Although there appears to be a certain connection mode, it was not clearly elucidated.
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